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1. INTRODUCTION

Design of nanostructures able to provide a strong field
enhancement and confinement is today at the focus of the
nano-optics field. The challenge is to go back and forth from
the experimental realization to the modeling,1�3 to obtain nano-
objects, which simultaneously maximizes low time-cost fabrica-
tion and wide applicability for a given purpose. Just as the
promising single molecule plasmonic sensors4,5 and substrates
for SERS (surface enhanced raman spectroscopy)6 are based on a
smart engineering of nanoobjects,7 microscopy at the nanoscale
follows similar roads, with the aim to be a versatile and sensitive
tool in a nanoscience fast development scenario.

Field enhanced scanning optical microscopy (FESOM)8,9 and
NanoRaman10,11 relies on the fabrication of probes, which
provide enough enhancement of the near field around the probe,
surpassing the background light and supplying optical and
chemical contrast at the nanometric scale.12 Although the most
widely used enhancers in near field optical microscopy are the
metal-evaporated dielectric tips,13�17 in recent years design of
metal NPs based probes8,18�21 has been considered a better

choose to increase the optical resolution of these techniques,
keeping a good compromise between easy fabrication and
performance.

In a previous work, we have introduced new plasmonic probes
built with NP-decorated silica microspheres, which showed
subnanometric optical vertical resolution over an atomically flat
sample.8 Besides the great resolution these probes are able to
reach, the spectral behavior of these structures deserves special
attention because the resonances of the probes determine the
light frequency at which it is worth to work to achieve the highest
possible resolution. In this article, we aim to understand how the
plasmonic properties of these complex structures determines the
subnanometric resolution in FESOM,8 by comparing the experi-
mental results with simulations made using two electrodynamics
approaches: generalized multiparticle Mie theory (GMM)22,23

and the discrete dipole approximation (DDA).24,25We show that
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ABSTRACT: Recently, using field enhanced scanning optical
microscopy (FESOM), a new kind of plasmonic nanostructured
probes has been introduced capable to achieve subnanometric
vertical resolution on atomically flat samples. These plasmonic
probes consisting in silica (SiO2) microspheres decorated with
5 nm diameter spherical Ag nanoparticles (NPs) exhibit a
multiple peaked experimental extinction spectra in colloidal
dispersion. The subnanometric resolution achieved in FESOM
is observed when they are attached to a metal tip and illuminated
at 632 nm. On the contrary, these probes lack of resolution in
FESOMmeasurements upon 532 nm laser light illumination. In
this work, the complex extinction properties of these probes as
well as their near field optical properties are compared and
analyzed by means of rigorous electrodynamic simulations. The calculations show that the far and near field optical behavior can
only be explained in a consistent way in terms of the plasmonic response of small Ag NPs clusters on the silica surface. Using these
cluster configurations, the near field simulations of the optical response are also found to be in excellent agreement with the
experimental FESOM approach curves, demonstrating in this way the subnanometric resolution achieved at 632 nm and the almost
null response at 532 nm.
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the nontrivial structure of the probes extinction spectra measured
in colloidal dispersion can be explained by the plasmonic
interaction of two and three Ag NPs with little different spatial
morphologies at the surface of the microsphere. The presence of
these Ag clusters on the silica microsphere is able to explain the
near field optical behavior of these plasmonic probes, and there-
fore the optimum resolution obtained at 632 nm and the almost
null optical contrast obtained at 532 nm, these facts are
accounted for mapping the electromagnetic field enhancement
at the two wavelengths used in the FESOM experiments.

2. EXPERIMENTAL METHODS

2.1. Probes in Solution. The experimental procedure for the
NP-decorated silica microspheres preparation is comprehen-
sively described in previous work.8 In short, Ag NPs of 5 nm
of average diameter, covered by aminosilane molecules
(N-[3-(trimethoxysilyl)propyl]diethylenetriamine), attach to
the surface of a colloidal dispersion of silica spheres (with
diameters in the range 100�200 nm) after mixing both aqueous
solutions for several hours. Relative concentrations have been
chosen to be 3000 Ag Nps per silica microspheres. However, not
all the NPs will be adsorbed on the spheres surfaces, and thus
many of them will be still in solution after the decoration
procedure. A commercial Shimadzu UV�vis spectrometer was
used to measure the extinction spectra of the probes in solution.
2.2. Probes for FESOM.A silver wire was immersed for 10min

in the NP-decorated colloidal dispersion as described in detail
previously.8 Probes got adsorbed on the surface of the wire,
which is used as the tip for FESOM measurements.
2.3. FESOM. The field enhanced scanning optical microscopy

technique is described elsewhere.8,9 Basically, the probe-sample
junction is side-illuminated with lasers at various light wave-
lengths, and the scattered light is collected in a backscattering
configuration with a pin-photodiode detector. Lockin detection
is performed by dithering the sample few angstroms in the
direction of its normal with a piezo, and performing a harmonic
detection26,27 to improve the signal-to-noise ratio. Feedback
mechanism, when necessary, is provided by the simultaneously
recorded tunneling current.
2.4. Approach Curves. The approach curve is the plot of the

backscattered light as a function of the probe-sample distance
recorded by the FESOM.With the feedback loop totally turned off,
a ramp of voltage is applied to the z-piezo, which moves the sample
toward the probe from large distances (several wavelengths) until a
given tunneling current is detected, followed by the retraction of the

piezo. The probe�sample distance for which the preset tunneling
current is reached, is defined as an arbitrary zero of distance in these
curves.

3. THEORETICAL CALCULATIONS

3.1. DDA Simulations with a Random Coverage of Ag
Nanospheres on the Microsphere. The DDA method24,25 has
been described several times. Shortly, the DDA replaces the solid
particle by an array of N point dipoles, with the spacing between
the dipoles small compared to the wavelength. Each dipole has an
oscillating polarization in response to both an incident plane wave
and the electric fields due to all of the other dipoles in the array.
The innovation we have implemented in this work is the target
generation, since we have decorated in a random fashion, a
microsphere with Ag NPs. This scheme intends to simulate more
accurately the experimental situation. Random numbers were
generated to locate the NPs on themicrosphere surface. To obtain
the highest degree of coverage, several seeds numbers were used
and also the initial number of spheres on the surface was chosen
arbitrary among the structures already generated in a given
decoration simulation. At low degrees of coverage, this procedure
is fast but, as the number of NPs increases, it takes a much larger
number of trials. Using this random procedure, we were able to
decorate a 100 nm microsphere with 900 NPs of 5 nm diameter.
The DDA simulations were performed using a grid spacing of
0.75 nm. The dielectric constant from Palik28 was used for Ag,
whereas all of the nanostructure was supposed to be immersed in a
medium with a constant refractive index equal to 1.47.
3.2. Generalized Multiparticle Mie Theory (GMM). The

extinction spectrum of the NP clusters was computed using
the generalized multiparticle Mie theory (GMM).22,23 This is an
analytical method able to solve, in a rigorous and exact way, the
complex problem of interaction between an electromagnetic field
and an aggregate of spheres. The GMM method has been
described elsewhere so we will give a brief summary here. In
the GMM method, scattered fields from each one of the L
individual spheres are solved in terms of the respective sphere-
centered reference systems. In an arbitrarily chosen primary jth
coordinate system, the Cartesian coordinates of the origins of
these L displaced coordinate systems (i.e., the sphere centers) are
(Xj, Yj, Zj), j = 1, 2,..., L. To solve multisphere-scattering through
the Mie-type multipole superposition approach, the incident
plane wave is expanded in terms of vector spherical wave
functions in each of the L sphere-centered coordinate system.
Similar to the incident field, individual scattered field of the each

Figure 1. a) Optical image of graphite (HOPG), taken with the field enhancement scanning optical microscope (FESOM). Two steps of less than 1 nm
in height are clearly visible. Size of the image: 560� 560 nm2. The insert shows the TEM image of a microsphere of 170 nm of diameter decorated with
5 nmAgNps. b) STM image in constant height mode of the same region. c) Approach curves, showing the backscattered light as a function of the probe-
sample distance in FESOM. Red curve is themeasurement using 632 nm laser light, whereas the green curve accounts for the 532 nm illumination. In the
insert, a scheme of the experimental setup is shown.
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component spheres is expanded in terms of vector spherical wave
functions in each of the L sphere-centered coordinate system.
Then the boundary conditions are solved for the partial scatter-
ing coefficients. Finally, referring an arbitrarily located common
coordinate system, the total scattering is expanded in term of
vector spherical wave function and it is related to the partials
scattering by a simple phase term. With the total scattered field,
and based on the analytical expressions for amplitude scattering
matrix of an aggregate of spheres, it is possible to derive rigorous
formula for other fundamental scattering properties such as
extinction, absorption, and scattering cross sections.22,23 As in
the DDA simulations in all of the calculations presented, the Ag
clusters were immersed in a uniform dielectric environment with
refractive index 1.47 and the dielectric function tabulated by Palik
for Ag was employed.28

4. RESULTS AND DISCUSSION

4.1. FESOM Plasmonic Probes and Image Performance.
Part a of Figure 1 shows a high-resolution optical image of
graphite (HOPG) taken with FESOM using the plasmonic
probes described in the experimental section. As a reference,
we include in part b of Figure 1 the constant-height STM image,
recorded simultaneously with the FESOM image. Two graphite
steps are clearly seen, whose heights have been measured with
the help of a constant-current STM image recorded at the same
place, giving heights of less than 1 nm. The FESOM image has
been taken by illumination with red light at 632 nm. This high
subnanometric optical resolution obtained deserves to be ana-
lyzed by a careful analysis of the plasmonic nanostructures
responsible for this high optical contrast.
In part c of Figure 1, the approach curves are shown,

accounting for the backscattered light as a function of probe-sample
distance. The field enhancement effect at very short probe-sample
distance is evident when red laser light (632 nm) impinges the
junction. However, illumination with green laser light (532 nm)
produces no contrast in the optical image, and, as a consequence,
the approach curve tends to zero for very small distances.
4.2. Far Field Optical Properties of the Plasmonic Probes.

To understand the optical response of these FESOM plasmonic
probes, it is first necessary to understand their far field optical
behavior. The experimental UV�vis spectra of the Ag NP-deco-
ratedmicrospheres in colloidal dispersion (before to attach them to
the metal tip) depicts a complicated multiple peaked spectra, as
shown in Figure 2. The most prominent peaks labeled 3, 7, and 8
correspond to λ= 464, 594, and 626 nm respectively, the peakswith

moderate intensity labeled 4 and 6 occur at λ= 505 nmand 559 nm
respectively, and there are a series of peaks with weak intensity
labeled 1, 2, and 5 atλ=418, 441, and 525 nm, respectively. At short
wavelengths, the spectra exhibits a decay that can be assigned to the
light scattered by the silica microspheres.
In a first attempt to explain these complicated spectral features,

we assumed that the Ag nanospheres were distributed in a random
way around the silica surface. Using a random target generator
(explained in the methodology section) and after several thou-
sands of iterations, the surface of a 100 nm diameter silica
microsphere was covered with 900, 5 nm diameter Ag Nps,
reaching in thisway almost the highest degree of coverage possible.
At this point, increasing the number of iterations did not produce
any change in the number of NPs on the silica surface, which
means that the probability to find room for a additional Ag NP
here on the surface is very low. Part a of Figure 3 shows the spatial
configuration obtained after covering the silica surface with 900 Ag
NPs in the random way described above; the right panel depicts a
zoom view of the NPs on the silica surface. Note that the
electrostatic interaction of NPs or the presence of molecules
acting as fixed length separator between them were not taken into
account in this simulation; only the geometrical constrains dom-
inates the final configuration of the NPs.
Simulating the real experimental situation would also require

to perform the average of the optical response over all the possible
configurations of randomly placed NPs on the microsphere sur-
face, but this is indeed an impossible task. However, as it will be
shown later, this would not be necessary. The calculated extinction

Figure 2. Experimental extinction spectra of the silica microspheres
decorated with Ag NPs in colloidal dispersion.

Figure 3. DDA simulations of 5 nm spherical Ag NPs randomly
distributed on a microsphere. a) On the left it depicts a typical example
of a random location of 900, 5 nm diameter Ag nanospheres, on 100 nm
diameter microsphere, whereas, on the right a smaller portion of the
microsphere surface is shown. b) Shows the calculated extinction spectra
corresponding to the nanostructure in panel a).
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shown in part b of Figure 3, probed to be broad and double peaked
which is quite usual in large clusters.29 Therefore, this DDA
simulation performed with high degree of random coverage on
the silica surface was not able to explain themultiple peaks observed
in the extinction experiments. Another series of simulations (not
shown) with high degree of coverage but with a different random
distribution were performed, but in all of them the same general
features of the spectra shown in part b of Figure 3 were obtained.
Although these simulations were unsuccessful, an inspection

of the random process used to decorate the silica microsphere
probed to be quite useful to give a clear picture of the decoration
process. Under the assumption that no diffusion process is taking
place after each NP deposition, it was observed at the early stages
of the decoration, that is low coverage, that single non interacting
spheres structures were the most probable structures. As the
number of NPs deposited increased, the presence of many
dimers and some trimers were evidenced (i.e., spheres with
interparticle distances less than 0.3 nm), being the dimer by far
more frequent than the trimer.30

On the basis of these results, it was reasonable to think that the
observed optical behavior was due to the presence of these clusters
formed at relatively low degree of coverage on the silica micro-
sphere. These clusters should mainly be formed by two AgNPs, to
a lesser extent by three Ag NPs, and with a very small probability,
by more than three NPs, at the particular values of interparticle
separation mentioned above. Taking into account these config-
urations observed in the random decoration process, we analyzed
the optical behavior of the following nanostructures: single
spheres, dimers and three types of trimers (linear trimer, L-shaped
trimer, and V-shaped trimer); the geometries are depicted in the
schemes inserted in part a of Figures 4, part a of 5, and parts a�c

of 6. The simulations were performed using GMM theory, as
described in the methodology section. In these calculations the
spheres were considered to be in a uniform dielectric environment
with refractive index n = 1.47 because the spheres were covered
with an N-[3-(trimethoxysilyl)propyl]diethylenetriamine (ATS)
layer, whose refractive index almostmatches the refractive index of
silica. This assumption was corroborate by computing the extinc-
tion spectra of a 5 nm diameter Ag sphere in a media with n = 1.47
as shows in part a of Figure 4, which depicts a peak at 410 nm in
good agreement with experiments.31

The GMM simulations for Ag dimers at different edge to edge
separation S, corresponding to S = 0.09, 0.12, 0.18, and 0.30 nm
(green, yellow, red, and pink lines, respectively) are shown in part a
of Figure 5. Although these S values are arbitrary ones, it is found
that at S = 0.09 nm which correspond to a NP pair of almost
touching spheres, the extinction spectra matches the two more
intense peaks labeled 3 and 8 and also the less prominent peak 1
(Figure 2). The configuration with S = 0.12 nm, results in an
extinction spectra with resonances at almost the same wavelength
than peaks labeled 7, 3, and 1. The extinction spectra of the dimer
with S = 0.18 reproduce the peaks 6, 2 and 1; and the one with S =
0.30 nm reproduces the peaks 4 and 1. It is important to note the
peak labeled 1 was obtained only when more than one NP are
interacting as it would also be demonstrated for trimers below.
Parts a�c of Figure 6 show the extinction spectrum for trimers

aggregates (linear, L-shaped, and V-shaped) at the same values of
S than before that is S = 0.09 nm, S = 0.12 nm, S = 0.18 nm,and
S = 0.3 nm. The most intense peak labeled 3 in Figure 2 can be
assigned either to the linear trimer with S = 0.12 nm or the

Figure 4. a) Calculation of the extinction spectra of a 5 nm diameter Ag
sphere immersed in a dielectric media with n = 1.47. The incident
polarization is indicated by a scheme on the right. b) Near field
enhancement map calculated using GMM theory of the single Ag NP
shows in a) at the two wavelengths used in the FESOM experiments.

Figure 5. a) GMM calculated extinction spectra of 5 nm diameter Ag
dimers immersed in a dielectric media with n = 1.47 at different
interparticle separations as indicated in the insert. The incident polar-
ization is indicated by a scheme on the right. b) Near field enhancement
calculated using GMM theory for the Ag dimer shown in a) at the two
wavelengths used in the FESOM experiments, for a dimer interparticle
separation S = 0.09 nm.
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V-shaped and L-shaped trimers with S = 0.09 nm (parts a�c of
Figure 6). The other intense peak labeled 8 corresponds to the
linear or L-shaped trimers with S = 0.12 nm (parts a and c of
Figure 6). The other plasmon resonances calculated for all the
trimer configurations could explain the presence of the other peaks
observed in the measured extinction spectra. Therefore, we
conclude that only for very small interparticle separation in the
clusters (the NPs are almost touching) the most intense peaks
labeled 3 and 8 can be reproduced. As these peaks are the most
intense, it is reasonable to think that the clusters where theNPs are
almost touching are the most probable ones. However, as the
population of all of the clusters configurations is unknown it is not
possible to give a one to one correspondence between simulations
and each of the observed experimental peaks, and it is only correct
to say that some small clusters with specific interparticle separa-
tions are responsible of the peaked spectrum measured.
Note that the distances betweenNPs should be not assigned to

any atomistic structure nor a chemical bond. These distances are
intrinsic to the electrodynamics continuum model used for the
calculation. The degree of coupling between the nanospheres of a

homodimer is correlated with a sigma parameter, which is the ratio
of the center to center distance of the nanospheres and the
nanosphere diameter. A strong coupling between nanospheres
correspond to a sigma value close to one. For example, for a given
value of sigma (degree of coupling) close to one the distance S
between nanospheres will be large (about 1 nm) for nanospheres
with large diameter (about 50 nm)32 but for nanospheres with
rather small diameters as in the present work (5 nm) the distance S
will be very short (about 0.1 nm). It follows that our approach only
indicates that the real atomistic structure should be close to almost
spherical structures (because perfect spheres cannot be obtained in
the atomistic description of these nanoparticles) very close to
each other.
4.3. Near Field Response of the Plasmonic Probes.As it can

be appreciated from part c of Figure 1, the approach curves show
a slight modulation of the signal at long distances, on the order of
the light wavelength. This slight modulation can be assigned to
the interference of the tip when it is approaching to the sample
and enter within the volume of the spot of the laser. In the case
that the excitation is performed with λ = 532 nm, the signal
suddenly grows up at a probe-sample distance of 40 nm, until starts
to decrease at a distance of about 20 nm, whereas for excitation at
λ = 632 nm, it suddenly grows up very fast at a distance of about
5 nm. The behavior on the range of tens of nanometers of the
plasmonic probe excited with green light is difficult to be explained
in terms of a near field enhancement nearby the 5 nm diameter Ag
NPs clusters, as the magnitude of the enhancement decreases
almost exponential with the distance to the NPs surface. There-
fore, the behavior at these distances is probably due to the light
scattered by probe tip within the volume of the spot of the laser
near the sample. Furthermore, the absolute magnitude of the
scattering is much higher for the red than for the green light and
the contrast in the images is lost for the 532 nm illumination.
The intensity of light as the plasmonic probe approaches the

substrate at small distances, that is less than 5 nm, can be
accounted for by our simulations performed at 532 and 632 nm
for the different nanostructures analyzed in the previous section.
Let us consider the near field enhancementmap generated by each
nanostructure at the two experimental wavelengths used to
illuminate the plasmonic probes. Note that the near field enhance-
ment at a given point will be defined as the ratio between the
square modulus of the field at this point and the square modulus
of the incident field, that is (Γ = E2/Eo

2). Consider first the
enhancement produced by a single sphere, whose enhancement
pattern is shown in part b of Figure 4 at both wavelengths. This
single NP depicts the smallest enhancement of all the nanostruc-
tures considered here, an expected result since at bothwavelengths
the Ag sphere is out of resonance at 410 nm. At this stage, we
conclude that single isolate Ag spheres on the silica surface can not
account for the near field response and it should be the presence of
small clusters on this surface that originates the experimental
FESOM response.
Now, the question which arises is which of the cluster config-

urations should be considered. As it has been shown in the
previous section the most probable interparticle distance able to
explain the most prominent peaks in the extinction spectra is S =
0.09 nm, therefore hereafter this interparticle distance will be used
for all the calculations. From the three peaks depicted in the
calculated extinction spectra (part a of Figure 5) of the Ag dimer,
only one with a maximum at 626 is almost on resonance with the
excitation at 632 nm used in the experiment, generating a very
significant near field enhancement as shown in part b of Figure 5.

Figure 6. GMM calculated extinction spectra of 5 nm diameter Ag NP
arranged in a) a linear trimer, b) a V-shaped trimer, and c) an L-shaped
trimer, immersed in a dielectric media with n = 1.47 at different
interparticle separations as indicated in the insert. The incident polari-
zation is indicated by the inserted scheme.
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This fact is consistent with the abrupt increase of the light intensity
observed in the approach curve recorded at this wavelength, being
by far the most significant in both magnitude and spatial range at
632 nm compared with the field calculated at 532 nm where this
dimer depicts no resonance wavelength (part b of Figure 5).
For linear trimers (part a of Figure 7), the behavior is

qualitative the same than for Ag dimers, regarding the fact that
the enhancement is almost negligible at 532 nm and very important
at 632 nm, being its magnitude even greater than that calculated for
the dimer. For the V-shaped trimers part b of Figure 7 sketches the
enhancement in the two planes indicated by dash lines on the right
of each panel. As it is clearly shown in the upper panel, the
enhancement in the plane parallel to incident polarization should
have the most significant contribution to the near field behavior

observed in the approach curves at 632 nm. In the lower panel,
which depicts the enhancement in a perpendicular plane, the field is
mostly confined within the Ag cluster and therefore it is expected
that this enhancement does not play any significant role in the
approach curves at the same wavelength. For excitation at 532 nm,
the enhancement is almost negligible for both parallel and perpen-
dicular planes to the incident polarization, so any significant near
field response is expected at this wavelength in excellent agreement
with the FESOM experiments. The enhancement maps for the
L-shaped geometry trimers at each wavelength (shown in part c of
Figure 7) demonstrate a negligible contribution at 532 nm and a
more important contribution at 632 nm. For this last wavelength,
the enhancement map along the plane perpendicular or parallel to
the incident polarization could make some contribution at small
distances but the lower magnitude of enhancement makes this
geometry to be the one that is expected to have the less important
contribution to the near field response at 632 nm.
Note that, close to the particles, the field enhancement is more

confined in dimers than in trimers. Part c of Figure 1 shows that
the experimental signal at 632 nm drops 1 order of magnitude in
about 5 nm, measured from the point defined as zero distance.
This behavior compares better with the field profiles gained for
trimers in part a of Figure 7 than for dimers in part b of Figure 5.
Moreover, matching experimental and theoretical curves, gives
that the experimental zero distance is around 1 nm, which is
totally consistent with a tunneling distance.

5. SUMMARY AND CONCLUSIONS

In summary, the experimental extinction spectra of silica
microspheres decorated with Ag nanospheres exhibiting multiples
peaks can be explained if the degree of coverage of the silica surface
is low. In such a case, the spectral features can be accounted for in
terms of small Ag NPs clusters on the silica surface at specifics
interparticle separations. At low degrees of coverage, the most
probable clusters on the silica surface should be dimers and some
trimers of almost touching Ag NPs. This feature not only explains
the far field but also the near field optical response of these
plasmonic probes at both wavelengths, as it is evident from the
experimental FESOM approach curves. In particular, the lack of
resolution and field enhancement measured at 532 nm is in
agreement with the almost negligible enhancement of all the Ag
clusters geometries at this wavelength. The subnanometric resolu-
tion achieved is in very good correspondence with the near field
response calculated at 632 nm for Ag dimers and trimers.
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